An environmentally safe procedure has been developed for the extraction, separation and determination of metal ions using a monosegmented flow analysis technique that exploits an aqueous two-phase system (ATPS-MSFA). The ATPS-MSFA method was applied for the determination of cobalt, based on the reaction between Co(II) and KSCN, which produces a metallic complex that spontaneously partitions to the top phase of the ATPS composed of poly(ethylene oxide), ammonium sulfate and water. The linear range was 5.00 to 500 μmol kg -1 (R = 0.9998; n = 13) with a coefficient of variation equal to 1.14% (n = 7). The method yielded a limit of detection and a limit of quantification of 2.17 and 7.24 μmol kg -1 , respectively. The ATPS-MSFA method was applied to the determination of cobalt in a nickel-cadmium battery sample and the results were validity with flame atomic absorption spectrometry using addition standard.
Introduction
In the last two decades, nickel-cadmium (Ni-Cd) batteries have been extensively used in many portable electronic devices, including laptop computers, CD-players, walkmans, and mobile phones. 1, 2 Consequently, large amounts of Ni-Cd batteries are being disposed into the environment, and this trend has raised worldwide concern over the environmental impact of this pollutant. 3 Battery residues also represent an important secondary source of metals because they contain very high concentrations of metal, sometimes even higher than found in natural ores. Some metals such as cobalt and nickel are quite expensive 4 and represent around 2.0% (w/w) and 22% (w/w), respectively, of Ni-Cd battery composition. 5 Because these recycling procedures are carried out on scale, online monitoring of the constituents of Ni-Cd batteries is of strategic importance. Flow analysis systems with solvent extraction (FA-SE) are very suitable for this purpose because they reduce the sample manipulation, time of analysis, the volume of waste and interference with the process from analysts. 6, 7 Futhermore, flow systems can be easily automated. Flow monosegmented analysis techniques impart additional advantages, such as efficient clean-up of the system and high sensitivity (due the reduction in the dispersion of the analyte). 8, 9 Methodologies that apply traditional liquid-liquid extraction techniques have some disadvantages, mainly the use of toxic, carcinogenic and flammable organic solvents. 10, 11 A convenient approach to address the limitations of FA-SE is to perform the selective extraction of a metallic ion by using monosegmented flow analysis in conjunction with an aqueous two-phase system (ATPS), which makes determination of the analyte possible. 12 Under specific thermodynamic conditions, an ATPS can be formed by mixing aqueous solutions of (i) certain electrolytes and a polymer, 13, 14 (ii) two types of watersoluble polymers 15 or (iii) two types of electrolytes. 16 The resulting systems give two immiscible liquid phases where the layers are enriched with polymers or electrolytes. Moreover, water is the major component of both phases, thus providing an extraction technology that eliminates the use of hazardous solvents. Other advantages to this technique are its ease of use, low costs, shorter times for phase splitting and the ability to recycle the system components. 17 When using ATPS monosegmented flow analysis (ATPS-MSFA) for the determination of cobalt in Ni-Cd batteries, the quantification can be carried out by a complexation reaction (e.g., between Co(II) and thiocyanate). The cobalt is separated and concentrated in a small volume of the ATPS top phase, the result of which is a very selective and sensitive method. It is important to note that several ATPS methodologies have already been successfully applied to the extraction, separation and determination of different ions in batch experiments, which supports our thesis that ATPS can be used in combination with a flow system. 11, [18] [19] [20] [21] [22] Thus, the aim of this work was to develop a novel and green method, exploiting ATPS-MSFA for the first time, using as example the determination of the amount of cobalt in Ni-Cd battery samples. Despite of simplicity of the system used for the application, the major contribution of this work is to show the potentiality of ATPS-MSFA. The ATPS-MSFA method is based on the reaction of Co(II) and potassium thiocyanate in an ATPS composed of poly(ethylene oxide), ammonium sulfate and water (PEO1500 + (NH4)2SO4 + H2O).
Experimental

Apparatus
The manifold was comprised of a peristaltic pump (Ismatec, mp13 GJ-4) equipped with Tygon pumping tubes (2.79 mm i.d.); a homemade three-path proportional injector; flow lines of polytetrafluoroethylene (PTFE) tubing (0.12 mm i.d.); and a glass reaction coil (0.20 mm i.d.). The analytical signals were obtained through spectrophotometric measurements performed on a UV-Visible (UV/Vis) spectrophotometer (Shimadzu UV-2550) with quartz flow cells and a 1.00-cm optical path length. The slit width was kept at 2.0 nm. The pH measurements were collected with a combined glass electrode using a digital pH meter (Wissenschaftlich-Technische Werkstätten, pH 330i/SET).
Chemicals
All reagents were of analytical-grade quality and used as received. All solutions were prepared with water from a Millipore Milli-Q system (Bedford, MA). The polymer was poly(ethylene oxide) (Synth, Diadema, São Paulo, Brazil) with an average molar mass (Mm) of 1500 g mol -1 (denoted as PEO1500).
The reagents (NH4)2SO4, KSCN, NiCl2 and CoCl2·6H2O were obtained from Vetec (Duque de Caxias, Rio de Janeiro, Brazil). The chemicals CdCl2·H2O, H2SO4 and H2O2 were purchased from Merck (Darmstadt, Germany).
The ATPS composition, solutions and standards
An ATPS composed of PEO1500, (NH4)2SO4 and water was used in this procedure; the liquid-liquid equilibrium data of this system were previously reported in the literature. 17 The ATPS consisted of a top phase (TP) composed of 31.60% (w/w) PEO1500 and 5.13% (w/w) (NH4)2SO4 and a bottom phase (BP) composed of 5.25% (w/w) PEO1500 and 18.53% (w/w) (NH4)2SO4, which corresponded to a tie-line length (TLL) of 29.56% (w/w). The remaining content of both phases was comprised of water. This global composition was selected because it promotes the best condition to extract Co-SCN complex and it produce the better hydrodynamic conditions to operate the flow system.
The pH of the water to prepare the stock solutions was adjusted to the appropriate value with 0.10 mol L -1 H2SO4 aqueous solution. Stock solutions of the top and bottom phases of the ATPS were used as the solvents to prepare the solutions of KSCN and Co(II), respectively. The working standard solutions of Co(II) were between 5.00 and 500 μmol kg -1 and were prepared daily by the appropriate dilution of a 5.00 mmol kg -1 stock solution using the bottom phase as the solvent. KSCN working stock solution was 600 mmol kg -1 .
The flow system manifold and procedure
The system manifold used in this method is shown in Fig. 1A . The sampling flow rate was 8.4 mL min -1 and the injection flow rate was 3.4 mL min -1 . The volume of the BP (containing Co(II) or Ni-Cd battery leaching samples) and the TP (containing KSCN) were 3.36 mL (L2) and 1.12 mL (L3), respectively.
During the injection step, both phases were kept between two air segments (L1 = 2.80 mL and L4 = 0.056 mL) (Fig. 1B) . The segments containing the bottom and top phases were carried through a glass reaction coil (B = 1.10 mL) to enable the complexation reaction between Co(II) and SCN -to occur at the interface of the ATPS. After complexation, both phases were directed into a separation unit (SU) by a three-way valve (V), and the system was allowed to settle for 2 min until the phases had completely separated. The top phase of the system was directed into the detector system for analysis by UV/Vis spectrometry carried out at 320.0 nm.
The multivariate optimization of the ATPS-MSFA method
The overall method optimization was broken down into three steps: (i) the selection of variables and the delimitation of the experimental region; (ii) the screening of significant factors and the estimation of their effects by fractional factorial design; (iii) the optimization of significant variables by applying central composite design (CCD) with response surface methodology (RSM).
The factorial design was evaluated using the absorbance as the response. In all studies, each experiment was carried out at least two times by successive injections of the assay, and the average value of the experimental response was calculated. All experiments were performed in random order.
According to the results obtained the following experimental conditions were fixed: Co(II) concentration, 50.0 μmol kg -1 ; flow sampling, 8.4 mL min -1 ; flow injection, 3.4 mL min -1 ; volume of air segment (L4), 0.056 mL; volume of the reaction coil, 1.10 mL (Fig. 1) ; and phase split time, 2 min.
STATISTICA and MINITAB statistical software packages were used for data analysis.
Ni-Cd battery sample preparation
The mass battery was taken after the removal of the plastic wrapping and the connecting wires, and the subsequent leaching step was performed in a distillation flask. The leaching was carried out at 120 C for 2 h, and a mixture of 3.00 mL of H2SO4 Fig. 1 (A) A schematic diagram of the flow system used for the determination of cobalt. P, The peristaltic pump; L1 and L4, the reaction coils filled with air (2.80 and 0.056 mL, respectively); L2, the bottom phase (BP) containing Co(II) or the battery leachate sample (3.36 mL); L3, the top phase (TP) containing potassium thiocyanate (1.12 mL); B, the glass reaction coil (1.10 mL); V, the three-way valve; SU, the separation unit; W, waste. (B) The profile of the monosegment in the injection step.
(18 mol L -1 ), 6.00 mL of distilled water and 1.50 mL of 30% aqueous H2O2 (w/v) per gram of solid material used. 20 The leachate was filtered into a 1.00-L flask with distilled water. An aliquot of the leachate was dissolved in the ATPS bottom phase, and the solution was injected into the flow system.
Results and Discussion
The chemical and spectral aspects
The procedure was based on a complexation reaction between Co(II) and SCN -ions in acid medium that occurred at the interface of the biphasic system. The metallic complex that resulted concentrated in the ATPS top phase. The Co-SCN complex presents two main absorbance peaks at 320.0 and 620 nm. Due to the higher sensitivity at 320.0 nm, the detection of the complex was performed at this wavelength. The blank signals showed insignificant interference at the wavelength chosen for the measurements.
The presences of the SCN -anions in the ATPS promote the extraction of the metallic ion. Under these conditions, cobalt ions formed complexes with thiocyanate that had a high affinity for the ATPS top phase due specific interactions with the ethylene-oxide groups of the polymer macromolecules. [23] [24] [25] The formation process of the Co-SCN complex and its stability constant are shown by Eqs. (1) and (2), respectively:
(1)
where K ). The value of the stability constant of the Co-sulfate complex (log K1 = 2.50) 26 is higher than that of the Co-thiocyanate complex (log K1 = 1.01), 27 which would not allow the extraction of Co(II) into the ATPS top phase. However, after the formation of the Co(SCN)x (-x+2) complex, this species are transferred spontaneously to the polymer-enriched top phase due interactions with the PEO1500-anion. 28 The nature of this interaction can be explained by the model proposed by da Silva and Loh 29 who investigated the thermodynamics of ATPS formation. According to this model, when salts and polymers are mixed, cations of the salt interact with the ethylene oxide PEO groups causing the release of the water molecules that were solvating the polymer, a process that is entropically favorable. This process continues as more salt is added until the macromolecule becomes energetically saturated with ions and no further gain in entropy is possible. Phase splitting then becomes favorable. After splitting phases, the polymer-rich phase contains the PEO macromolecules solvated with cations of the salt, the result of which is a positively charged polymer surface called a pseudopolycation, which can interact with negatively charged species such as the anionic Co-thiocyanate complex.
The partitioning of Co(SCN)x (-x+2) into the ATPS top phase caused a decrease of the concentration of this species in the bottom phase. Consequently, the equilibrium is shifted towards the formation of more thiocyanate complex (Eq. (1)) and the consumption of the sulfate complex (Co(SO4)x (-2x+2) ). Thus, the extraction of cobalt into the ATPS top phase is driven by two factors: (i) the competition between the SO4 2-and SCN -anions to form complexes with the cobalt ion, and (ii) the specific interactions between these metallic complexes and the top phase components. Thus, even if an ion such as Co-thiocyanate does not have a high complex formation constant, it can be extracted into the top phase because the complex-polymer interaction is energetically favorable.
The experimental domain and the screening of significant variables
To improve the performance of the ATPS-MSFA method, the flow and chemical conditions were simultaneously optimized. Classically, one variable at a time was optimized, but biased results were encountered if there were relevant interactions between the factors. Thus, in this work, a multivariate optimization was conducted exploiting factorial design.
After a screening study, the significant variables chosen for optimization were the KSCN concentration, the pH of the system, the volume ratio of the bottom and top phases (VBP/VTP) and the volume of the air segment (L1). A two-level half-fraction factorial design (2 4-1 : resolution = IV, generator: D = ABC) was used to evaluate the influence of these parameters. Moreover, seven replicates were randomly measured at the center point to obtain an estimate of the experimental uncertainty. Although these measurements corresponded only to the center point, the results were used for an estimate of the whole experimental domain. 30 Thus, in total, 15 different experiments were carried out. Table 1 displays the variables studied and their minimum and maximum levels, beyond the center point. Table 2 presents the experimental design matrix with the average response for each experiment.
The significance of the effects and their interactions was checked by analysis of variance (ANOVA) using P-values of less than 0.05 as the significance level. ANOVA is a useful method for evaluating a two-level factorial design. 31 The results obtained from ANOVA shown that KSCN concentration (denoted as [KSCN]), the pH, the volume of the L1 coil and the interactions [KSCN]/pH and [KSCN]/L1 are significant factors affecting the response. The concentration of KSCN is the most pronounced effect, as shown by runs 2, 4, 6 and 8 (Table 2) , which correspond to the highest level of this variable. Under this condition, a larger amount of SCN -anions is available to complex the Co(II) ion, which will then be transferred to the polymer-enriched phase of the ATPS (Eq. (1)). The influence of pH on the analytical signal can be explained by the dependence of the complexation constant for Co-SCN formation on the pH of the system, as reported in the literature. 19 The role played by the air segment L1, besides preventing the dissolution of the phases into water, is to promote the effective mixture of the system. It was observed that an increase of the air segment volume enables better contact between the top and bottom phases; consequently, the complexation reaction, which occurs at the interface of the ATPS, is favored. The variable (VBP/VTP) has no significance in the range investigated. Therefore, in the following studies, the maximum value for preconcentration (VBP/VTP) was set at 3 so as to consume smaller amounts of the polymer PEO1500, which has a higher cost than the salt (NH4)2SO4.
Optimization of the significant variables
To optimize the variables [KSCN], pH and volume of L1, a central composite design (CCD) was applied. This design is especially useful because it provides sufficient factor combinations to fit the full second-order polynomial model. This model can be used to approximate almost any smooth surface over a limited domain. 30 The CCD consists of the following parts: i) a full factorial (2 3 ); (ii) an additional design, usually a star design in which the experimental points are at the distance α = 1.682 from the center; and (iii) a central point. 32 Tables 3 and 4 present the experimental value variables and the design matrix with the results of the CCD, respectively.
With the results from the CCD (Table 4) , an ANOVA was performed, the results of which are shown in KSCN] × volume of L1, respectively, keeping one of the variables fixed. As can be seen, the interactions between the optimized parameters have a clear effect (both in magnitude and direction) on the response, and higher responses were obtained at higher KSCN concentrations. Under these conditions, experiments performed at pH 2.50 ( Fig. 2) and volume of L1 = 2.80 mL (Fig. 3) gave greater sensitivity in the ATPS-MSFA method. Run 10 (Table 4) corresponds to the highest value of absorbance indicating other variables besides KSCN concentration were critical for optimal experimental conditions. It was observed that concentrations of KSCN greater than 600 mmol kg -1 promotes precipitation of the complexing agent and (NH4)2SO4. Therefore, the optimal experimental conditions were as follows: [KSCN] , 600 mmol kg -1 ; pH, 2.50; volume of L1, 2.80 mL.
Analytical figures of merit
After optimizing the experimental conditions with factorial design and response surface methodology, additional experiments were performed to establish the analytical features of the procedure. Cobalt concentrations within the range of Table 5 The analysis of variance for the results obtained using CCD 5.00 to 500 μmol kg -1 gave linear responses (R = 0.9998, n = 13), which shows the suitability of this method for the determination of cobalt in Ni-Cd batteries, given that the content commonly found by leaching analysis was approximately 7.88 mmol kg -1 and dependent on the battery brand. 5, 33 This method has great potential due to the ability of ATPS to concentrate the analyte into a small volume of phase and because, the ATPS-MSFA method gives excellent limits of detection and quantification, 2.17 and 7.24 μmol kg -1 , respectively, which are lower than the amount of cobalt present in Ni-Cd batteries. 5 Moreover, the coefficient of variation (CV) obtained for 30.0 μmol kg -1 of Co(II) (n = 7) was 1.14%. Another important aspect is the high sampling rate of this method (16 samples h -1 ), which is especially fast for a liquid-liquid extraction technique. This high rate is possible because one characteristic of ATPS is to provide short-time phase separation: it does not form emulsions that prolong the analysis time.
Therefore, the results presented above show that the combined ATPS-MSFA technique unites the advantages of both techniques, such as not employing hazardous solvents, a short phase-split time, online analysis, high reproducibility, minimization of reagent volume consumption and high sample throughput.
The study of interference
To apply this method for the determination of cobalt to real Ni-Cd battery samples, an interference study of the major concomitants was performed. The presence of Fe(III), Ni(II) and Cd(II) at molar ratios of interferent to cobalt lower than 50.0 (i.e., the amount of Fe(III), Ni(II) and Cd(II) was 50 times the amount of Co(II)) has no significant effect on the analytical signal, within a tolerance of 5.00% variation in the absorbance. The absence of interference occur because the interaction between M(SCN)x (-x+2) complex (M = Fe(III), Ni(II) or Cd(II)) and the EO segments is very weak. Thus, the experimental conditions are highly selective for the reaction between Co(II) and SCN -ions. It should be noted that the levels of Fe(III), Ni(II) and Cd(II) in the interference studies are higher than those found in Ni-Cd batteries. 5 In the leaching analysis presented herein, the concentrations were 40.7, 126 and 97.1 mmol kg -1 for Fe(III), Ni(II) and Cd(II), respectively. The no significant interference is attributed to the selective extraction of cobalt to top phase of the ATPS in pH 4.0, conditions in which Fe(III), Ni(II) and Cd(II) are not extracted to top phase. 23 
The analysis of real samples
The analytical figures of merit and the results presented in the interference study suggest that the ATPS-MSFA method can be feasibly applied to the cobalt determination in Ni-Cd battery samples. Thus, battery leachates were analyzed using the ATPS-MSFA method and the results were validated by comparison with flame atomic absorption spectrometry (FAAS) analysis. The Co(II) concentrations found in the leachate using the ATPS-MSFA method and FAAS were 7.59 and 7.70 mmol kg -1 , respectively, which corresponds to a relative error of 1.43% between the two methods. This low relative error indicates excellent agreement between the methods at the 95% confidence level, according to the paired t-test. 34 It was necessary to employ the standard addition method to eliminate the matrix effect caused by high concentrations of nickel when determining cobalt concentrations by FAAS; whereas, when studying Ni-Cd battery samples with the ATPS-MSFA method, the leachate was analyzed directly without dilution.
Conclusions
This work represents a significant development in ATPS and flow system studies because it is the first time that the analytical technique of monosegmented flow analysis has exploited an aqueous two-phase system (ATPS-MSFA) for the extraction, separation and determination of a metallic ion. This ATPS-MSFA technique was applied for the determination of cobalt by leveraging its reaction with KSCN, which produces a complex that concentrates in the ATPS top phase. The ATPS-MSFA combines the advantages of both techniques, such as online analysis, a high sampling rate, the use of environmental friendly reagents, the minimization of reagent consumption and a short time for phase splitting. Moreover, the preconcentration of the analyte in the polymer-enriched phase of the system allows the method to achieve low values of LOD and LOQ.
The results obtained from this work give us a great perspective on how to apply the ATPS-MSFA technique for the determination of several other metallic ions in other samples of economic and environmental interest. 
